We systematically study light (< few GeV) Dark Matter (DM) models that thermalize with visible matter through the Higgs portal and identify the remaining gaps in the viable parameter space. Such models require a comparably light scalar mediator that mixes with the Higgs to avoid DM overproduction and can be classified according to whether this mediator decays (in)visibly. In a representative benchmark model with Dirac fermion DM, we find that, even with conservative assumptions about the DM-mediator coupling and mass ratio, the regime in which the mediator is heavier than the DM is fully ruled out by a combination of collider, rare meson decay, and direct detection limits; future and planned experiments including NA62 can further improve sensitivity to scenarios in which the Higgs portal interaction does not determine the DM abundance. The opposite regime in which the mediator is lighter than the DM and the latter annihilates to pairs of visibly-decaying mediators is still viable, but much of the parameter space is covered by rare meson decay, supernova cooling, beam dump, and direct detection constraints. Nearly all of these conclusions apply broadly to the simplest variations (e.g. scalar or asymmetric DM). Future experiments including SHiP, NEWS, and Super-CDMS SNOLAB can greatly improve coverage to this class of models.
I. INTRODUCTION
Although evidence for the existence of Dark Matter (DM) is overwhelming, its particle identity remains unknown and discovering its short distance properties is a top priority in fundamental physics. This task is especially daunting because viable DM candidate masses span dozens of orders of magnitude with different cosmological histories and phenomenological consequences. However, if dark and visible matter achieve thermal equilibrium in the early universe, the viable mass range is much narrower, m DM ∼ keV − 100 TeV; below a few keV, DM is too hot for structure formation and above ∼ 100 TeV, DM is in tension with perturbative unitarity. Thermal contact also generically overproduces DM in the early universe, so such scenarios require a depletion mechanism to yield the observed abundance. This feature motivates appreciable non-gravitational interactions with visible matter and serves as a well motivated and largely model-independent organizing principle for the broad DM discovery effort.
For the upper half of the thermal window, m DM ∼ GeV-100 TeV, DM can carry electroweak quantum numbers and annihilate via Standard Model (SM) interactions. For the lower half, m DM ∼ keV-GeV, thermal dark matter with weakscale (or weaker) interactions is overproduced in the early universe [1] , so viable scenarios require additional, SM neutral mediators to deplete the overabundance. Unless SM fields are charged directly under additional forces (e.g. U (1) B−L ), these mediators will mix with the SM through at least one of the renormalizable "portal" operators
where L is a lepton doublet, B µν is the hypercharge field strength tensor, and H is the Higgs doublet. * krnjaicg@fnal.gov Stable thermal DM interacting through the lepton portal, HL, is difficult to engineer because either the DM decays through this interaction (e.g. DM is a right handed or sterile neutrino) or the mediator is fermionic and SM-DM scattering is proportional to neutrino masses so the two sectors never thermalize (see [2] for a review). Vector mediators can kinetically mix with B µν and there is a growing effort to test this scenario [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] .
In this paper we study a simple class of light (< few-GeV) thermal DM models with a singlet scalar mediator that mixes with the SM through the Higgs portal. For a singlet mediator Φ, the mixing arises from the renormalizable operators
After electroweak symmetry breaking, diagonalizing the scalar mass terms that arise from Eq. (2) yields mass eigenstates φ and h, which we identify as the DM-SM mediator and the Higgs boson, respectively (see Appendix A for a discussion). Our representative benchmark scenario consists of a Dirac fermion DM candidate coupled to the mediator φ via
where g χ and g χ are the parity even and odd couplings, respectively. However, as we will see below, the relevant physics for light DM is captured by the scalar interaction, so we will omit parity odd coupling g χ from our benchmark without loss of essential generality (see discussion in Sec. VII).
Since Φ mixes with the scalar component of H (the Higgs boson, h), it acquires a coupling to SM fermions, which we parametrize with the mixing angle sin θ and expand in the mass basis to obtain the mediator interaction Leading Feynman diagrams giving rise to χ annihilation in the early universe. If mχ > m φ the annihilation is predominantly through the t-channel and the mediator decays into SM states via Higgs mixing. If mχ < m φ , DM annihilates directly to SM fermions through the s channel which depends on the SM-mediator coupling and is the most predictive scenario; If m φ > 2mχ the φ will decay invisibly to dark matter. In the 2mχ > m φ > mχ regime, it may also be possible to annihilate through the forbidden channel [17] one of many scenarios for DM interacting through the Higgs portal, it captures much of the essential physics, so most of the constraints and projections will apply to a much broader class of variations on this simple setup. Light DM interacting through the Higgs portal has been considered before in the context of minimal DM coupled directly to the portal [18] , as a byproduct of Higgs decays [19] , as pair produced in rare B and K decays [20] , as coupled to a scalar mediator mixed with the Higgs [21] [22] [23] , as a sub-eV non thermal candidate [24] . The bounds on a light, Higgs portal scalar in the context of self-interacting DM were considered in [25, 26] . This paper adds to the literature by carefully computing the relic density of DM through a highs-mixed mediator including the effects of hadronic final states; updating constraints in light of recent direct detection, LHC, and rare meson decay results; and discussing the implications for the simplest DM variations (e.g asymmetric, inelastic, scalar). We find that for heavier mediators m φ > m χ , DM annihilating directly into SM particles is ruled out for nearly all DM candidates under the most conservative assumptions regarding the DM-mediator couplings and mass ratios. We also find that when the mediator is lighter and the relic abundance is set by secluded annihilation χχ → φφ, the mediator-Higgs mixing is bounded from below by the DM thermalization requirement and there remains much viable parameter space. Finally, we identify a representative set of future direct detection and meson decay experiments to extend coverage to much of the remaining territory.
This paper is organized as follows: In Section II we compute the DM relic density and discuss how to conservatively compare this target against different kinds of bounds; in Section III, we describe generic constraints and future experimental projections applicable to the entire parameter space; in Sections IV and V we specify to the regimes in which the mediator decays to the DM and SM respectively; In Section VI we discuss the unique features of the compressed region of parameter space in which m χ < m φ < 2m χ ; in Section VII we outline how varying the assumptions about the DM candidate relative to our benchmark scenario (introduced above) changes the viable parameter space; finally in Section VIII we offer concluding remarks.
In the regime where the mediator is heavier than the DM, the annihilation can only proceed via direct annihilation to SM fermions through the s-channel. 1 To leading order, the annihilation rate for Dirac fermion annihilation into elementary fermions χχ →f f is p-wave 1 For an interesting counterexample see [17] where DM annihilates predominantly to pairs of heavier mediators (the so-called "forbidden" channel) by sampling the tail of the DM Boltzmann distribution at freeze out. For completeness, we also mention the possibility of 2 → 3 [27] and 3 → 2 annihilation [28] though the cases studied in these papers represent departures from the Higgs-mixing benchmarks considered in this paper
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Experimental constraints on Dirac fermion DM that annihilates through a light, Higgs-mixed mediator. We normalize the vertical axis using the e-φ coupling, ge introduced in the text because this coupling always contributes to the annihiation over the mass range considered here-see discussion in Section II. Top Left: Parameter space for mχ < m φ compared against the relic density contour computed assuming m φ = 3mχ (solid black curve). The curve bifurcates near mχ ∼ mπ where there is disagreement in the literature about light Higgs couplings to hadronic states (see text). Like the relic density contour, the direct detection constraints are also invariant under different assumptions about the mass ratio and DM-mediator coupling since the SM-DM scattering cross section is proportional to the κe variable plotted on the vertical axis. However, for meson decay and collider constraints, which only constrain the mediator-Higgs mixing, we adopt the conservative values gχ = 1 and mχ/m φ = 1/3 for building (gχge) 2 (mχ/m φ ) 4 for comparison with the solid black relic curve; choosing smaller values of either quantity makes these constraints stronger -except in the resonant annihilation region. Top Right: Same as left, but in the resonant annihilation region m φ ≈ 2mχ, which is the only regime in which the relic density curve moves appreciably. This plot also adopts the extreme value gχ = 2π near the perturbativity limit, and reveals the maximum amount of viable parameter space for this scenario. As on the top-left plot, direct detection constraints and projections remain invariant, but the meson and collider bounds shift slightly as they are now computed for mχ/m φ = 1/2.2 instead. Bottom Right: Same as top-left, but with m φ = 10mχ. Bottom Left: Same as top-left, but with the reduced coupling gχ = 0.1.
which is applicable to all m χ (MeV-GeV) considered in this paper, so we will present our direct annihilation results in terms of κ e without loss of generality. For a more careful treatment of thermal freeze out, corresponding to the methodology in our numerical studies, see Appendix B.
For m χ ∼ > Λ QCD , the annihilation also proceeds through several hadronic channels, whose interactions with the mediator are not simply-related to quark Yukawa couplings (e.g.
To account for these final states, we extract this coupling from simulations of hadronically-decaying light-Higgs bosons [29] with the ansatz
which is valid up to corrections of order m 2 f /s where s is the mandelstam variable (s ≈ 4m 2 χ near freeze out). However, there are significant, order of magnitude discrepancies among the various computations of Γ h (h → hadrons) [30] [31] [32] [33] [34] [35] (see Fig. 1 in [29] ), so we regard this ansatz as reasonable in the interpolation region. We have checked that the couplings extracted using this approach recover the correct light Higgs width in the regions well above and below Λ QCD .
The solid black lines shown in the panels of Fig. 2 represent the relic density contour computed precisely for different choices of mass and coupling ratios. These plots illustrate how, away from resonance, the parameter space for thermal freeze-out is invariant with respect to κ e as a function of m χ . The curves bifurcate near Λ QCD to account for the different theoretical extractions of hadronic couplings in the region where annihilation is predominantly to hadrons; the upper and lower curves bracket the range of discrepant values from the literature [30] [31] [32] [33] [34] [35] .
In analogy with the s-channel annihilation process, the cross-section for non-relativistic DM-SM scattering in direct detection through φ exchange also has the same scaling σ ∝ κ e /m 2 χ , up to order one corrections when the DM-nucleon masses are comparable. However, the constraints at most accelerator based experiments do not scale in this way; typically they only constrain the magnitude of a SM-mediator coupling and are insensitive to the mediator-DM coupling (and often also the masses of DM and mediator when the energy scale of the process is larger than the masses of dark sector states). For instance, the B and K decay bounds (See Sec IV) depend on the mass ratio since these bounds only constrain the mediator-SM coupling, so we have to choose a value of g
to construct κ e and plot these constraints against the thermal relic contour. For these bounds, choosing a very small g χ or m χ /m φ ratio trivially covers arbitrarily small values of κ e so the conservative choice is to take g χ ∼ m χ /m φ ∼ O(1) (see the caption in Fig. 2 and discussion below for more details).
On the upper-right panel of Fig. 2 , we evaluate the same relic target, experimental bounds, and future projections for m φ /m χ = 2.2, which is very close to resonance, for which the relic target does move appreciably downwards relative to the relic density curves in other panels. In this panel we also adopt the extreme value g χ = 2π near the perurbativity limit, for which this model requires a UV completion near the GeV scale. Nonetheless, even in this extremely conservative regime where the constraints are the weakest (all either shift upwards or are unaffected relative to the other panels) and thermal freeze requires the smallest κ e values for the direct annihilation scenario, there is no viable territory left and the direct annihilation scenario is ruled out. 2 From the other plots in 2 This conclusion depends somewhat on how large of a coupling a given Fig. 2 , we see that the relic target for direct annihilation is decisively covered over the full MeV-GeV mass range.
If the mediator is lighter than the DM, the direct annihilation annihilation is sharply suppressed relative to the t-channel process χχ → φφ, which no longer scales as κ e /m 2 χ . Instead we have
which is independent of the φ-h mixing angle, so thermal freeze out is compatible with a wide range of mixing angle values. However, for sufficiently small sin θ, the dark and visible sectors no longer thermalize, so there is a lower bound on the parameter space; for smaller mixing angles the abundance must be generated by a nonthermal mechanism, so this scenario is beyond the scope of this work.
III. GENERIC BOUNDS
CMB Although any viable thermal DM candidate is frozen out well before recombination, out of equilibrium annihilation around z ∼ 1100 can still reionize hydrogen at the surface of last scattering and thereby modify the CMB power spectrum. The Planck constraint σv cmb /m χ ∼ < 3 × 10 −28 cm 3 s −1 GeV −1 rules out thermal DM below 10 GeV [36] if the annihilation rate is s-wave (velocity independent). However, the annihilation rates for our benchmark scenarios in Eqs. (5) and (10) are p-wave so the annihilation rate is many orders of magnitude smaller on account of the velocity redshift from T ∼ m χ at freeze out and T ∼ eV at recombination. Thus neither of our annihilation topologies is constrained by CMB power injection.
Relativistic Degrees of Freedom If DM freezes out after neutrinos decouple, the annihilation byproducts can reheat photons relative to neutrinos, thereby decreasing the effective relativistic degrees of freedom, N eff. [37] . At face value this excludes thermal DM below ∼ < 10 MeV (with order one variations depending on the particle identity of the DM). However, this bound is model dependent because the deficit in N eff. can be compensated for with additional hidden sector radiation or new physics in the neutrino sector.
Higgs Decays The φ-h mixing induces an invisible decay channel for the SM Higgs via h → χχ. Assuming only SM Higgs production mechanisms, the strongest limit on the invisible width arises from LHC measurements of pp → jets + E T , which can be interpreted to constrain the VBF production model can viably generate and on the theory uncertainty of the mediator-SM coupling near Λ QCD , but aside from these caveats, the direct annihilation scenario is ruled out. 
mechanism pp → jets + (h → χχ). A recent ATLAS measurement has extracted a limit of Br(h → invisible) < 0.3 [38] . which for our scenario implies
or in terms of the variable plotted in top left panel of Fig. 2 , κ e ∼ < 7 × 10 −18 , where the mass ratio is conservatively taken to be m χ /m φ = 1/3; heavier mediators make this constraint more severe, so this choice reveals the available gaps subject to the condition that the mediator decays invisibly and that χχ → f f annihilation is off resonance.
In addition to the mixing, the mixed φ − h quartic interaction may also contribute to exotic Higgs decays via h → φφ [39] . If φ decays invisibly to DM, this process contributes to the Higgs invisible width, and if φ decays visibly the process can induce an array of SM final states, which reconstruct the Higgs invariant mass and yield nested internal resonances. However, the bounds and prospects for both scenarios depend exclusively on the size of the quartic which does not affect the DM thermal history or the bounds presented in this paper, so a proper treatment of this possibility is beyond the scope of the present work.
We also note that there are additional constraints on the mixing angle sin θ from rare h → φφ decays. However, the branching ratio for this process depends on a different diagrams which are sensitive to the mixing angle, mixed h 2 φ 2 quartic coupling, and the φ 3 cubic coupling, so the precise bound arising from this process is model dependent and cannot be presented in Fig. 2 without additional assumptions about these other parameters. 
where C sb,sd are effective coefficients that induce flavor changing processes.
B-Meson Decays
For B-mesons, The effective coefficient of interest is
and this interaction has the partial width [40] 
where the scalar form factor can be parametrized f 0 (q) = 0.33(1 − q 2 /38 GeV 2 ) −1 [41] . The total B-meson width is Γ B + = 4.1 × 10 −13 GeV [42] , so the branching ratio has the approximate scaling
which, for our conservative benchmark inputs g χ = 1 and m χ = 3m φ , the BaBar limit Br(
[43] requires
The exact bound for this DM/mediator mass ratio shown in Fig. 2 (left) is computed from Eq. (14) using the efficiencies used in [43] is slightly stronger because the two-body B + → K + φ process has greater kinematic acceptance relative to B + → K + νν.
Kaon Decays An invisibly decaying light scalar can also yield K → πφ decays for which the partial width is
Unlike in Eq. (14), the analogous scalar form factor is close to unity [44] and can be neglected. The effective FCNC coefficient from Eq. (12) is
The total Kaon width is Γ K + = 5.3 × 10 −17 GeV, so the branching ratio is approximately 
−8 , which, for our benchmarks g χ = 1 and m φ = 3m χ implies
The exact bound computed using Eq. (18) and the efficiencies in [45] is presented as the orange regions of Fig. 2 ; the sensitivity gap near m χ corresponds to an experimental cut on final-state pion momentum. Also shown in Fig. 2 is the projected sensitivity of NA62 [46] assuming 10 13 K + and sensitivity for a 10 % measurement of the K + → π + νν branching ratio with identical cuts and efficiencies as [45] .
Direct Detection For light, non-relativistic DM with v ∼ 10 −3 , scattering off nuclei yields recoil energies that fall below experimental thresholds. However, electron scattering results from XENON10 and future results can constrain this parameter space [47, 48] . At Xenon 10 the non relativistic, spin-independent cross section for scattering off nucleon (N) at direct detection experiments is
where µ χN is the DM-nucleon reduced mass and the effective φ coupling to nucleons can be written [49] 
where
T q ∼ O(0.1) are determined by averaging the entries in the Appendix of [50] . In Fig. 2 we present the direct detection limits for the invisibly decaying case m φ > 2m χ in terms of the parameter combination responsible for thermal freezeout.
which, for a fixed cross section yields an estimated
For each m χ there is a unique value of κ e constrained by direct detection, so these curves are invariant under different assumptions about the individual ratios that constitute this variable. Using this notation in Figs. 2 we present direct detection limits from LUX [51] Super-CDMS [52] , and new results from CRESST-II [53] , which combine to rule out the thermal relic curve. We also show projections for upcoming and planned experiments NEWS [54] and Super-CDMS SNO-LAB [55] , and LZ [55] V. VISIBLY DECAYING MEDIATOR (m φ < 2mχ)
When the mediator is lighter than the DM, the annihilation rate for freeze out is decoupled from the mixing angle and there is no clear target of opportunity for decisive experimental coverage; the observed abundance is compatible with a wide range of mixing angles. Nonetheless, there is still a lower bound on the SM-DM interaction from the requirement that the DM thermalize in the early universe.
Thermal Equilibrium For sufficiently weakly coupled mediators, the DM never achieves thermal equilibrium with the visible sector radiation, so there is no model-independent minimum annihilation rate required to avoid overclosure. Unlike in the direct annihilation scenario (where m χ < m φ ), the thermalization criterion now applies to the mediator since the relic abundance is set by χχ → φφ annihilation, so the DM is always in thermal contact with the mediator. As in the former scenario, we determine the requisite sin θ by solving n t (T ) σv ∼ H(T ) near T ∼ m t , which yields the approximate requirement
which defines the gray shaded region in Fig. 3 . Note that this bound is insensitive to the DM and mediator masses below the electroweak scale. Here we have taken n t ∝ m
Beam-Dumps The CHARM Collaboration placed direct limits on light axion-like particles using a 400 GeV proton beam impinging on a copper target [56] . In Fig. 4 we show the constraint computed in [29] (see also [23, 57] for similar results) in the yellow shaded region. We also show projections for an analogous beam dump search using the SHiP facility at CERN (dashed brown contour) [57] .
Visible Meson Decays A visibly decaying scalar mediator can contribute to the process B + → K + µ + µ − , which is tightly constrained by LHCb and Belle measurements of the branching ratio. In Fig. 3 we show the constraint on the φ − h mixing angle as a function of light mediator mass as computed in [23, 29] . The gaps in the coverage near m φ ∼ 2 − 3 GeV are regions vetoed by the search criteria in [58, 59] . In the same parameter space, we also show bounds from measurements of the K L → π 0 + − branching ratio [60, 61] as extracted in [57] for light scalars using the analysis to bound pseduoscalar mediators in [40] .
BBN A sufficiently light (m φ ∼ < 10 MeV), weakly coupled scalar particle with a thermal number density can decay appreciably during Big Bang Nucleosynthesis (BBN) and spoil the successful predictions of light element yields accumulated in the early universe. To leading order, the partial widths for SM decay channels are [62] The DM is a particleantiparticle symmetric thermal relic whose abundance is set by t-channel χχ → φφ annihilation, which determines the requisite gχ coupling for a given DM mass point. Note that most of the parameter space is covered by direct searches for the mediator decaying into SM particles, so except for direct detection, the plots do not require any assumption about the DM provided that the mediator decays visibly. For direct detection, we show two different regimes: mχ ≈ m φ (but with a slightly lighter mediator) which is the least constrained regime, and mχ = 10 m φ ; for mχ/m φ > 10, the DM is no longer light in this parameter space, so this regime is beyond the scope of this work. Bottom row: Same as top row, but with gχ = 1, which corresponds to couplings larger than thermal, but still compatible with asymmetric DM, whose antiparticles have all been depleted by annihilation; these plots represent the most aggressive bounds and projections compatible with both DM-SM equilibration and perturbative unitarity. Combined, these four plots bracket the full parameter space of interest; smaller mass ratios than shown on the left column would invalidate the visibly decaying assumption; larger mass ratios than the right column would no longer correspond to the light DM regime; smaller DM-mediator couplings than the top row would overclose the universe; larger DM-mediator couplings than the bottom row would require a UV completion near the GeV scale. Note also that the plots in the left column show bounds from N eff. (gray vertical dashed curves) [37] due to light DM freeze-out after neutrino decoupling (see text); the right column does not show this bound because for mχ ∼ 10m φ the left boundary of these plots, corresponding to mχ ∼ 10 MeV, is safe from this constraint.
, N c is the number of colors for a given fermion species, Q f is its electromagnetic charge, s 2 θ ≡ sin 2 θ and
where the function f (τ ) satisfies
and only kinematically accessible decay channels are included for a given m φ ; in our numerical results we only include the decay to gluons for m φ > 2m π . Below the QCD confinement scale, we include hadronic decays following the prescription in Eq. (9) . While a thorough treatment of the BBN constraint is beyond the scope of this paper, we safely demand that the lifetime satisfy Γ −1 φ ∼ < 1 sec, and show this boundary as the orange region in Fig. 3 , which only covers thermal parameter space for masses where φ decays to e + e − and γγ. Since DM near the lower end of our mass range (∼ few MeV) freezes out during the epoch of BBN, in principle there is an additional constraint from the observed light element yields from this process as well. However, near freeze out, the DM number density is approximately
where η ≡ n b /n γ ∼ 10 −9 is the baryon to photon ratio, so even on the lower end of our mass range, n χ n γ during BBN. Thus, DM annihilation products predominantly thermalize with SM photons before affecting the yields of any nuclear species during BBN.
Supernovae A light, weakly coupled scalar mediator can be produced on shell during a supernova (SN) explosion and significantly contribute to its energy loss, thereby shortening the duration of the observable neutrino pulse emitted during core collapse. The most significant such constraint arises from SN1987a which has been used to constrain the parameter space for axions and axion-like particles [63] [64] [65] [66] whose SN production is dominated by radiative production off nucleons. Following the prescription in [67] , the energy loss rate per unit volume due to φ production is
where p F ∼ 200 MeV is the SN Fermi momentum, the function G φ satisfies [67] 
and we have appended the additional factor
to approximately account for the finite scalar mass effects, which were not included in [67] . To extract an approximate bound from SN1987a, we demand that the total energyloss rate satisfy P esc. Q φ V SN ∼ < 10 53 erg/s where V SN = (4π/3)R 3 SN is the SN volume, R SN = 10 km is its radius, and
is the probability that φ escapes without decaying or being reabsorbed within the supernova interior, where γτ φ is the average boosted lifetime and λ φ its the mean free path. Following [63] , we estimate the latter using detailed balance
φ ∼ Q φ /ρ φ where ρ φ is the scalar energy density estimated in the equilibrium limit for T SN ∼ 30 MeV.
In Fig. 4 we show the excluded region shaded in purple and labeled SN1987a. Since this estimate is only valid at the order of magnitude level, the region is plotted with a dotted boundary; given the exponential sensitivity to some aspects of this treatment, a dedicated study is required to extract a more rigorous bound, but is beyond the scope of this work.
Direct Detection For a visibly decaying mediator, the physics of direct detection is identical to that of the invisible case considered above. However, since we are now interested in the sin 2 θ vs. m φ parameter space, we have to make an assumption about the DM mass in order to plot the direct detection bound on the same plane in Fig. 4 ; all other constraints in this parameter space depend only on the mixing and the mediator mass. Nonetheless, we can still comprehensively capture the parameter space compatible with light, thermal DM (< few GeV) by looking at the two extreme choices of mass ratios: m χ = 1.2m φ (Fig. 3 , left column) and m χ = 10m φ (Fig. 3 , right column) for much smaller ratios, the mediator starts to decay visibly and for much larger ratios the DM is no longer "light". In addition to specifying the DM-mediator mass ratio, we must also choose g χ to extract a limit on sin θ. For the top row of Fig. 3 , our choice (for a fixed DM-mediator mass ratio) we choose g χ to yield the observed relic abundance through symmetric thermal freeze out via χχ → φφ; this is the most conservative choice as it corresponds to the smallest coupling consistent with thermal relic DM and correspondingly yields the weakest direct detection constraints and future projections. For the lower row in Fig. 4 we consider the opposite regime g χ = 1 which is near the unitarity boundary and (if χ constitutes all the DM) is compatible with asymmetric DM scenario in which the larger-than-thermal annihilation rate efficiently depletes most of the dark antiparticles produced in thermal equilibrium with the visible sector VI. VISIBLY DECAYING MEDIATOR, COMPRESSED REGIME (mχ < m φ < 2mχ)
In the compressed region of parameter space where m χ < m φ < 2m χ , DM annihilation proceeds through an off-shell φ via χχ → φ * → f f , which depends on κ e as described in Sec. II. Furthermore, since m χ /m φ ∼ 1, we have
but from Eq. (7), thermal freeze out in the light DM mass range requires κ e ∼ 10 −13 (m χ /MeV) 2 , so the requisite mixing angle must be ∼ O(1) for a sufficiently large annihilation rate. However, unlike the regime considered in Sec. IV, for the m φ < 2m χ mass range, the mediator only decays to SM fermions, so all the constraints from Sec.V are applicable. From Fig. 4 , it is clear that, so long as φ decays visibly, the region sin 2 θ 10 −5 is excluded over the full MeV-GeV mass range. Thus, we conclude that this compressed region of parameter space is ruled out for thermal DM.
VII. DARK MATTER CANDIDATE VARIATIONS
We now consider simple variations away from the particleantiparticle symmetric Dirac fermion DM candidate from the benchmark model in Eqs. (3) and (4) . In short, we find that for scenarios involving Majorana DM, scalar DM, asymmetric DM, or fermion DM with parity odd couplings, the analogous parameter space is either qualitatively unchanged or more severely constrained relative to the symmetric Dirac scenario with parity even interactions. The following analysis, therefore, justifies our choice of benchmark model as sufficiently representative of the remaining viable parameter space.
Parity Odd Couplings In the Lagrangian for our benchmark scenario, Eq. (3), allows a φψγ 5 ψ term. This interaction gives rise to s wave annihilation for both χχ → ff and χχ → φφ channels, which is robustly ruled out for thermal relic DM below ∼ < 10 GeV (see Sec. III), so at minimum, we require g χ g χ . Although in principle, we could keep this subdominant in our analysis, its presence would not significantly change the qualitative character of any plots; it would only introduce percent level corrections for couplings that evade CMB bounds, so we have not lost any essential generality by setting g χ = 0 in the analysis presented above.
Majorana DM The simplest variation on our benchmark scenario involves exchanging our Dirac DM with a Majorana fermion. However, most of the constraints we encounter below involve accelerator production, meson decays, or direct detection; none of which differs substantially with this modification. Thus, the constraints and relic density projections will differ only by order one amounts. Scalar Symmetric DM If the DM, itself, is a stable scalar ϕ that couples to the Higgs-portal mediator φ, the relic abundance can be achieved through either direct annihilation ϕϕ → φ * → ff (m ϕ > m φ ) or t-channel ϕϕ → φφ (m ϕ > m φ ) annihilation. In both cases, the leading annihilation rates will be s-wave (velocity independent) and, therefore, ruled out by CMB power-injection limits for ϕ masses below 10 GeV [36] .
Asymmetric DM If the dark matter abundance is set by a primordial asymmetry [68] [69] [70] [71] [72] and the dark matter achieves thermal equilibrium with the SM, the annihilation rate must be larger than the nominal freeze out value [73, 74] . However, all other constraints on its direct production and detection remain identical; since antiparticles are exponentially depleted below T ∼ < m DM , the indirect detection signatures are generically suppressed at late times, so asymmetric DM can be compatible with the CMB. Thus, the results in this paper apply fully well to this variation, but the parameter space compatible with the observed abundance (for the direct annihilation topology m χ < m φ ) is above the solid black curve in Fig. 2 (see discussion below), so this is also ruled out; for particle-antiparticle symmetric scalar DM, which has an s-wave annihilation rate, the relic density contour will shift slightly lower in the parameter space by a an O(1) amount, but everything else remains quantitatively similar.
Inelastically Coupled DM In principle, an extended dark sector can couple inelastically to the mediator φ, which can sharply suppress direct detection limits. A full treatment of this scenario is beyond the scope of this work, but we note that a minimal DM model can not easily ensure that the singlet scalar couple predominantly inelastically to either SM or DM fields. The simplest such mechanism in the case of a vector mediator involves a pseudo-Dirac splitting of Weyl fermions with both Dirac and Majorana masses [75] , which yields a predominantly inelastic coupling in the mass eigenbasis and yields distinctive direct detection and collider phenomenogloy [76, 77] . However, for a scalar mediator, the analogous procedure yields comparable elastic and inelastic contributions, so the scenario is qualitatively similar to the benchmark model we consider throughout this paper; all of the same bounds will apply, but there will be order one variations from the existence of additional couplings.
VIII. CONCLUDING REMARKS
In this paper we have mapped out parameter space for light (< few GeV) thermal DM coupled to a light scalar that mixes with the SM Higgs boson. Although we have focused primarily on a benchmark model with a Dirac fermion DM candidate, this scenario suffices to capture most of the essential physics, so our central conclusions apply to the simplest DM variations (e.g. asymmetric DM or scalar DM with the same mediator).
In the more predictive, heavier-mediator regime (m φ > m χ ) we find that thermal DM is now conservatively ruled out by a combination of rare meson decay, direct detection, and off-shell Higgs width measurements. This conclusion holds regardless of the DM/mediator mass ratio so long as the latter is heavier. We also find that benchmark future lowthreshold direct detection experiments (NEWS, Super-CDMS SNOLAB, LZ and others) can improve coverage for the Higgs portal interaction, but (since the thermal relic parameter space is ruled out) this improvement would only test a subdominant interaction in the dark sector -additional interactions would be required to avoid overclosure.
Relaxing the requirement that the light scalar mediator mix exclusively with the SM Higgs doublet, it may be possible to engineer a viable direct-annihilation scenario in a type-III two Higgs doublet model in which one double couples to quarks and the other couples to leptons. If the light scalar mixes predominantly with the leptonic doublet, it may be possible to relax the constraints from rare meson decays, but we leave this investigation for future work.
For the lighter mediator regime (m φ > m χ ) in which DM annihilation proceeds through the "secluded" channel χχ → φφ, there is no clear relic density target since the rate is independent of the Higgs-mediator mixing; thermal freeze out is compatible with a wide range of SM-mediator couplings. However, the mixing angle is bounded from below by the requirement that the DM be produced thermally in the early universe and much of the parameter space (with notable gaps) is covered by a combination beam dump, supernovae, and BBN constraints below mediator masses of ∼ 100 MeV. Above this range, there are additional constraints from direct detection experiments, which are poised to improve with the next generation of efforts, but the amount of new coverage will depend greatly on the DM/mediator mass ratio.
Finally, for the "compressed" regime (m χ < m φ < 2m χ ) in which DM and mediator masses are nearly degenerate, DM annihilation proceeds via χχ → φ * → f f , so there is a thermal freeze out requirement on the Higgs-φ mixing angle. However, in this mass range, the mediator decays to visible SM states, so all the bounds from the m φ > m χ mass range apply equally well and rule out the range of Higgs-φ mixings required for thermal freeze out.
